The formalism necessary to analyze production of vector mesons with polarized photons (yp-+pV) is presented in detail. The decay angular distribution of the vector mesons is parameterized by the density matrices P o, (Y = 0,1,2,3. Restrictions on the numerical values of the density matrix elements are derived. From the symmetry properties of the helicity amplitudes, it is shown that at high energies the combinations to leading order in energy receive only contributions from natural (unnatural) parity exchange in the t-channel.
I. INTRODUCTION
In view of current experiments at DESYl and SLAC' on the production of vector mesons by polarized photons y+'N-V+ N
we investigate which information on the production amplitudes can be obtained from the decay distributions of the vector mesons. Our aim is to provide the theoretical tools necessary for a maximal exploitation of experiments with polarized photons, where the target nucleon is unpolarized and the polarization of the recoiling nucleon is not detected. Part of the material presented here can be found at various places in the literature 3,4,5,6,7 and, to some extent, is an application of the general work on polarization experiments by Cohen-
Tannoudji et al. * --
After a rather pedestrian excursion into the spin problem of reaction (1) , we shall write the decay angular distribution of the vector mesons in terms of their sp.in density matrices. This will show explicitly that experiments of the type discussed here yield at most 18 real and independent bilinear forms of the 12 complex helicity amplitudes. From the common decay modes @-2~,0--33~, Cp --+l@), however only 11 of these bilinears can be measured. The range of their values is not unlimited but restricted by a set of inequalities.
With linearly polarized photons, at high energies 8 out of 12 measurable bilinears can be separated into contributions from natural and unnatural parity exchange in the t-channel. Experiments with circularly polarized photons do not yield any information on the nature of the t-channel exchanges. To leading order in energy no interference terms'between natural and unnatural parity exchanges in the t-channel can be observed in these experiments.
Finally, the predictions of various models (Jp = Ok exchange, splu lndependence, helicity conservation) for the spin density matrix of the vccI.or meson are given.
II. FORMALISM j
In this section the formalism for describing the polarization of the* I)Jloton (r) and the vector meson (V) in reaction (1) is developed. It will be ati~irrmed that the target nucleon is unpolarized and that the polarization of the recoil iug nucleon is not observed.
A. Notations
The four-momenta of the incoming photon and the outgoing vector Il\oson in the CMS will be denoted by k and q. We use the corresponding three-luomenturn vectors k and q to define a right-handed coordinate system: N N k E=& The polarization states of the photon and the vector meson are exprosr;c*(l in terms of their spin space density matrices p( 9 and p(V). These den:;il.y lnatrices are connected by the production amplitudes T PO = T P(Y) T' which we write in the CMS helicity representation of Jacob and Wick'):
-3-The h's denote the helicities of the respective particles of reaction (1) ; N is the normalization factor:
The normalization of the amplitudes T can be chosen such that the production cross section for unpolarized photons is given by
The decay distribution of the vector meson will be discussed in its helicity system: The z direction is chosen opposite to the direction of the outgoing nucleon in the V rest system (i. e. , equal to the direction of flight of the vector meson in the overall c. m. system). The y direction is the normal to the production plane, defined by the cross product k x q of the three-momenta of the vector meson and h the photon. The x direction is given by x,= z x z. The decay angles 0, Cp are defined as the polar and azimuthal angles of the unit vector 5 which, in case of a two-particle decay of the vector meson, denotes the direction of flight of one of the decay particles in the V rest frame.
(For a three-particle decay, zis equal to the normal to the decay plane in the V rest frame.)
The Gottfried-Jackson system and the Adair system which will be used in connection with the predictions of various models differ from the hclicity system only in the choice of the z axis. In the Gottfried-Jackson form of W will be simplified in subsection E by using the symmetries of p(V) which follow from the properties of p(r) and T.
C. Density Matrix of the Photon
The density matrix p pure (r) of pure photon states can be constructed from the photon wave function 1 y > in the helicity basis.
where I y' +Iy =a h =+i>+a_lhy=-l>
The result is:
In the case of circular polarization and A?=+l, -1, one obtains:
For linearly polarized photons Eq. (4) reads: (14) where @ is the angle between the polarization vector of the photon, g= (cos Q, , sin @, 0), and the production plane (x, z plane) (note: our definition of @ differs by a sign from that of Ref. 4) . The density matrix is: (15) For elliptically polarized photons, Eq. (11) On the other hand, it follows from Eqs. (13)) (15)) (17) that $Ure(r) for elliptically polarized photons can be written as a linear combination of the density matrices for photons of linear and circular polarization. Therefore, experiments with elliptical polarization do not yield more information on the helicity amplitudes -7-than a set of experiments with linear and, circular polarization.
The elliptical case will not be pursued any further.
We generalize these results to the case of partially polarized photons and put them into a standard form by writing p(Ty) as a linear combination of the matrices I, Ui (i = 1, 2, 3)) which form a complete set in the space of 2 x 2 hermitian matrices:
I is the 2 x 2 unit matrix, oi are the three Pauli matrices. The length Py of the three-vector gr is equal to the degree of polarization. The direction of gr depends on the kind of polarization, e. g. (from Eqs. (13)) (15)) :
for circular polarization with h y = f 1 and for linear polarization respectively, where the degree of polarization is denoted by P Y' 05Py51.
D. Symmetry Properties of the Helicity Amplitudes
The symmetry properties of the helicity amplitudes imply symmetry relations for the density matrix p(V). With our choice of coordinate system parity conservation leads for reaction (1) to':
with @* being the CMS production angle. If only natural CP = (-1) ") or only unnatural parity (P = -(-l)J) exchanges in the t-channel contribute, one has to leading order in the energy of the incoming photon the additional symmetry8:
where the upper (lower) sign applies to natural (unnatural) parity exchanges. The Eqs, (27)) (28) hold in any coordinate system that can be reached from the helicity system by a rotation R around the normal to the production plane, due to the symmetry properties of the rotation matrices d(R). We sketch the proof, e.g., for PO. In the rotated system, p" is given by:
The following calculation shows the symmetry property Eq. (27) to hold in the rotated coordinate system:
Hence, the structures of the decay angular distributions given by Eq. (32) remain unchanged under such a rotation.
F. Restrictions on the Values of the Density Matrix Elements
When extracting the density matrix elements from experimental data by intop(y, we find that p(V) is described by 17 independent functions, of tihich eleven can actually be measured from the common decay modes p -+ 2 F ,o-+ 31r, cp -+ti (see Table I ). Hence one measures altogether 12 independent quantities (one for dcunPo 3 . On the other hand, reaction (1) 
The interference term between natural and unnatural parity exchanges vanishes in the limit of high energies:
Here Eqs. (23) and (27) were used. For p" one obtains therefore: 
Like the symmetries following from parity conservation the relations (43)- (47) hold in all coordinate systems that can be reached from the helicity system by a rotation around the normal of the production plane.
From Table I it is evident that all elements of p" and p1 which are measurable in the type of experiments discussed here can be split into their natural and unnatural parity contributions, as listed in Table RI . This separation is not possible for p2 and p3 because relations (46) 
IV. MODEL PREDICTIONS FOR THE DENSITY MATRIX ELEMENTS
In this section we review the predictions of various models for reaction (1) .
Roughly speaking, these models may be divided into two classes:
(1) t-channel exchange models of elementary or reggeized particles; trices in these coordinate systems read: The density ma pl= (;
For Jp = O+(O', exchange one has a = for SIM one has a = i .
In the spirit of the diffraction idea we assume only natural parity exchange contributions for HCM and therefore set a = 5 .
The density matrices given above in the characteristic systems of the models can be transformed into the other systems by rotations around the normal to the production plane:
The rotation angles o!A*B are:
(52)
where @* is the production angle and /z? the velocity of the vector meson both evaluated in the ems.
With the simple form of the density matrices kg. (51)) in mind, one can ask for conditions under which the density matrix p" can be diagonalized by a rotation through some angle CY around the normal to the production plane: 
The elements of the antidiagonalized matrix are: It would be too tedious to write down inequality 13.
, 
